Room-temperature Hall mobilities exceeding 900 cm 2 /V s are obtained for AlGaN/GaN heterostructures on ͑111͒ Si by single-temperature flow modulation organometallic vapor phase epitaxy. Thin pseudomorphic AlGaN top layers exhibit a 1.5 nm surface roughness and induces a two-dimensional electron gas sheet carrier concentration of 1.0ϫ10 13 cm Ϫ2 . The GaN buffer layer has a background carrier concentration of 1.0ϫ10 15 cm
There is considerable interest in the synthesis of GaN and related alloys on ͑111͒ Si substrates by molecular-beam epitaxy ͑MBE͒ [1] [2] [3] and organometallic vapor phase epitaxy ͑OMVPE͒. [4] [5] [6] [7] [8] From prior art, one can conclude that group III nitrides on Si are generally of lesser quality than such materials grown on sapphire or SiC due mainly to the larger mismatch to the substrate. Much work has been devoted to improving the optical properties of these materials, driven by the pursuit wide band gap optoelectronics on a Si platform. Less attention has been directed to the area of Si-based AlGaN/GaN transistor applications, where reasonable device performance at 4 GHz has already been realized. 9 Roomtemperature ͑RT͒ bulk mobilities of 100 cm 2 /V s for MBE GaN/͑111͒ Si ͑Ref. 10͒ and OMVPE GaN on silicon-oninsulator ͑SOI͒ 11 have been reported. However, there do not appear to be any reports of the mobility of AlGaN/GaN twodimensional electron gas ͑2DEG͒ structures on Si. In this letter, we report a straightforward synthesis approach using flow modulation OMVPE for realizing large areas of crackfree Ga faced AlGaN/GaN on ͑111͒ Si with 2DEG mobilities exceeding 900 cm 2 /V s. For comparison, state-of-the-art transistor structures grown on sapphire and SiC have mobilities exceeding 1500 cm 2 /Vs at 10 13 cm Ϫ2 sheet electron density. 12 Undoped AlGaN/GaN heterostructures were grown on p-type 1-10 ⍀ cm ͑111͒ Si wafers, by flow modulation OM-VPE at 76 Torr. 13 Reactant species used were triethylgallium, trimethylaluminum, and NH 3 with H 2 as the carrier gas. The ammonia is purified at the point of use with a liquid metal gettering melt. Substrates were prepared by degreasing in solvents, followed by a 1 min etch in HF:DI H 2 O ͑1:10͒. The reaction cell has a vertical geometry rotating barrel susceptor, able to accommodate up to eight 2 in. Si substrates for each process run. The susceptor is rf induction heated to, and held at, a constant growth temperature of 1015°C. A nominally 30 nm AlN nucleation layer is grown as soon as the susceptor reaches the growth temperature, followed by a 650 nm GaN buffer layer and a 35 nm undoped AlGaN barrier with 30%-32% Al mole fraction. The spontaneous and piezoelectric polarizations at the AlGaN/GaN heterostructure induces a 2DEG in the GaN.
14 Exposure of the bare Si wafers to NH 3 leads to nitridation of the Si surface, which has been recently reported to initiate film cracking. 3 A key aspect for successful growth on silicon is accommodating the large thermal mismatch between Si and GaN, which places the GaN in tension upon cooling from the growth temperature. This mismatch is over twice as large as for GaN/SiC, where layer cracking is observed for film thicknesses exceeding several microns. Although the films grown on Si appear mirror-like to the naked eye, optical microscopy typically reveals cracking in a 0.3 mm band about the periphery of the wafer. No cracking is observed in the body of wafers with GaN films less than 0.7 m thick ͓Fig. 1͑a͔͒. For this study, total grown layer thickness is 0.65 m at the wafer center, with approximately a 20% thickness variation along the gas flow direction due to gas phase depletion. From past experience on different substrates, this thickness variation can be reduced ͑Ͻ5%͒ by optimizing the transport car- APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 6 7 FEBRUARY 2000 rier flows in the cell. The thicker upper half of the wafer exhibits varying degrees of layer cracking. Nonintersecting cracks 10-20 m in length, spaced 2-3 mm apart are observed in the upper portions of the wafer, and at the top of the wafer where the GaN is thickest, a high density of intersecting cracks are seen as shown in Fig. 1͑b͒ . These cracks extend up from the substrate, and cause discontinuities in the 2DEG. Epitaxial lateral overgrowth ͑ELOG͒ is one way to synthesize low defect density GaN on Si, but this technique also has been reported to suffer from layer cracking. 7 Transmission electron microscope ͑TEM͒ and atomic force microscopy ͑AFM͒ studies have been performed on this material. 15 High-resolution ͑HR͒ TEM reveals a 1.5-3.7 nm interlayer believed to be SiN x at the AlN/Si interface, which provides for relaxation of the AlN/Si interface mismatch. Lattice displacement measurements derived from HRTEM images of the 35 nm AlGaN layer confirm this layer is pseudomorphic, which is required for the piezoelectric induced contribution to the 2DEG density. A dislocation density of 3ϫ10 9 cm 2 was measured using plan-view TEM. This is comparable to conventional growth of GaN on sapphire. Using AFM, it was found that the peak-to-valley surface roughness of the AlGaN layer is 1.5 nm in a 3 ϫ3 m 2 scan area. This roughness compares favorably to reported surface roughness of 3 nm for gas source (NH 3 ) MBE grown AlGaN/GaN on ͑111͒ Si, 16 and 13 nm for OM-VPE grown GaN on ͑111͒ Si using an AlAs nucleation layer to prevent formation of a SiN x layer on the Si substrate. 4 Room-temperature and 1.4 K photoluminescence ͑PL͒ spectra of an AlGaN/GaN high electron mobility transistor ͑HEMT͒ structure on Si are presented in Fig. 2 . These spectra were taken with 257 nm excitation which highly localizes the recombination to the samples' surface, allowing PL to be observed on the thin top AIGaN region. For comparison, the spectra of a similar structure on sapphire are also shown. The sapphire-based HEMT was grown separately in the same reactor as the Si-based HEMT and has a thicker ͑1.0 m͒ GaN buffer. The full width at half maximum ͑FWHM͒ GaN/Si band-edge linewidths are 47 and 10 meV at RT and 1.4 K respectively, as compared to 37 and 5 meV for GaN/ sapphire. Phonon replicas are clearly observable, indicating that the material is of high structural quality. The broadened linewidth of the band-edge PL from the AlGaN on Si is likely due to a small variation in the aluminum content of that film.
A high-resolution x-ray diffraction ͑HRXRD͒ spectrum of the HEMT on Si is shown in Fig. 3 . The measurement was performed on a sample from the upper half of the wafer, which exhibited some cracking. TEM images from this area indicated that where cracks existed, there were regions of grown films tilted relative to each other, leading to the smaller ͑0002͒ GaN diffraction peak. The FWHM of the ͑0002͒ GaN diffraction peak on Si is 130 arcsec, which is slightly larger than the typical 90 arcsec measured on GaN grown on sapphire, and less than half that of the narrowest diffraction reported typically reported for OMVPE GaN/Si. 4, 11 Recently, a very narrow 14 arcsec HRXRD FWHM has been reported for 2 m thick gas source ͑GS͒ MBE GaN/Si. 3 The carrier density profile as derived from capacitancevoltage (C -V) measurements is shown in Fig. 4 . The presence of a 2DEG close to the surface is clearly evident. The background carrier concentration rapidly drops as the depletion region penetrates the GaN buffer layer, reaching a low background level of 1ϫ10 15 cm Ϫ3 before rising as it approaches the AlN/Si interface. This increase is likely due to either autodoping of Si from the substrate into the lower GaN region, or charge related to the defective AlN/Si interface. The apparent thickness of the AlN from this measurement is 30 nm, slightly less than the 35 nm measured from TEM, where the sample was taken closer to the top of the wafer.
The 2DEG mobility was characterized using conventional van-der Pauw cloverleaf Hall measurement techniques. An entire wafer was patterned using standard lithography techniques, with 3ϫ3 mm 2 Hall devices on 3.5 mm centers, in order to investigate the spatial dependence and uniformity of the transport properties. Hall devices were electrically isolated from each other by ion milling into the Si substrate. At a drive current of 0.1 mA of the 76 devices measured, 75% had a RT Hall mobility of 600-700 cm 2 /V s and the highest value measured was 790 cm 2 /V s. At lower drive currents, mobilities as high as 920 cm 2 /V s were measured. The 2DEG densities varied from 0.9 to 1.3 ϫ10
13 cm Ϫ2 and sheet resistances were typically 800-1000 ⍀ per square. In all cases, the polarity of the Hall voltage indicated electrons as the majority carrier. Current leakage from the Hall device to the conducting p-type Si substrate is of concern, since the existence of a converted Si n-type layer at the substrate surface cannot be ruled out. In order to confirm that the mobility measurements reflect the transport properties of the GaN films and not the underlying Si substrate, the insulating properties of the AlN nucleation layer were investigated by measuring the current-voltage (I -V) characteristic between Hall contacts on neighboring Hall devices. Electrical isolation exceeded 5ϫ10 6 ⍀ at the wafer center, but fell to 2ϫ10 4 ⍀ at the very bottom of the wafer were the AlN is thinner. The resistance between contacts on a single Hall device is nominally 3ϫ10 3 ⍀, confirming that the drive current was confined to the GaN layer.
We have initially found that using thinner AlN nucleation layers allows for growth of thicker crack-free GaN, but reduces the desirable electrical isolation between the GaN and Si substrate. As one would expect, Hall devices with high electrical isolation to the substrate maintained constant high mobility values for all currents, while those subject to substrate current leakage exhibited reduced mobilities at higher currents. Individual Hall samples suitable for cooling with liquid nitrogen were made from another wafer. In that case, the best RT and 77 K Hall data are 820 and 1580 cm 2 /V s, respectively, for a sample taken from an area with the high electrical isolation to the Si substrate. Growth on high resistivity ͑Ͼ10 000 ⍀ cm͒ n-type Si may alleviate the substrate current leakage problem and is currently under investigation.
Advances in the structural, optical, and electronic properties of AlGaN/GaN films grown on ͑111͒ Si by OMVPE including low dislocation densities, narrow x-ray diffraction and PL linewidths, and the only observations of 2DEG Hall mobility are reported. This is a large area multiwafer growth technique that produces high quality material without resorting to multistep growth schemes, complex nucleation layers, or patterned ELOG.
